The insulin receptor substrate-1 (IRS1) is a critical element in insulin-signaling pathways, and mutations in the IRS1 gene have been reported to have a role in determining susceptibility to traits related to type 2 diabetes. In gene expression studies of tissue biopsies from nondiabetic Pima Indians, IRS1 mRNA levels were reduced in adipocytes from obese subjects compared with lean subjects, and IRS1 mRNA levels were also reduced in skeletal muscle from insulin-resistant subjects compared with insulin-sensitive subjects (all P < 0.05). Based on these expression differences and the known physiologic role of IRS1, this gene was investigated as a candidate gene for susceptibility to type 2 diabetes in Pima Indians, a population with an extremely high incidence and prevalence of type 2 diabetes. Thirteen variants were identified, and among these variants, several were in complete linkage disequilibrium. Four genotypically unique variants were further genotyped in 937 DNA samples from full-heritage Pima Indians. Three of the variants were modestly associated with type 2 diabetes (P < 0.05), one of which was additionally associated with 2-h plasma insulin and glucose as well as insulin action at physiologic and maximally stimulating insulin concentrations (all P < 0.05). The association of variants in IRS1 with type 2 diabetes and type 2 diabetes-related phenotypes and the differential expression of IRS1 in adipocytes and skeletal muscle suggest a role of this gene in the pathogenesis of type 2 diabetes in Pima Indians. Diabetes 52: 3005-3009, 2003 I nsulin receptor substrate-1 (IRS1) is a substrate of the insulin receptor tyrosine kinase and appears to have a central role in the insulin-stimulated signal transduction pathway. Therefore, the IRS1 gene has been studied extensively as a candidate gene for type 2 diabetes. Laakso et al. (1) identified three variations that predict amino acid substitutions: Gly81Arg, Ser892Gly, and Gly971Arg. Almind et al. (2) proposed that the Gly971Arg substitution could impair insulin-stimulated signaling and contribute to insulin resistance in normal and diabetic populations. The same group also showed that subjects with the 971Arg allele had significantly lower fasting plasma insulin with C-peptide levels, and Clausen et al. (3) reported that the combination of obesity and the 971Arg allele was associated with a 50% reduction in insulin sensitivity. The Gly971Arg, however, was not associated with type 2 diabetes in Mexican Americans (4), and the IRS1 locus on chromosome 2q36 has been excluded as a major diabetogenic locus in linkage analysis of candidate regions for insulin resistance in type 2 diabetes (5). Consistent with these human studies, IRS1 Ϫ/Ϫ mice are mildly insulin resistant and hyperinsulinemic but do not develop diabetes (6).
I
nsulin receptor substrate-1 (IRS1) is a substrate of the insulin receptor tyrosine kinase and appears to have a central role in the insulin-stimulated signal transduction pathway. Therefore, the IRS1 gene has been studied extensively as a candidate gene for type 2 diabetes. Laakso et al. (1) identified three variations that predict amino acid substitutions: Gly81Arg, Ser892Gly, and Gly971Arg. Almind et al. (2) proposed that the Gly971Arg substitution could impair insulin-stimulated signaling and contribute to insulin resistance in normal and diabetic populations. The same group also showed that subjects with the 971Arg allele had significantly lower fasting plasma insulin with C-peptide levels, and Clausen et al. (3) reported that the combination of obesity and the 971Arg allele was associated with a 50% reduction in insulin sensitivity. The Gly971Arg, however, was not associated with type 2 diabetes in Mexican Americans (4) , and the IRS1 locus on chromosome 2q36 has been excluded as a major diabetogenic locus in linkage analysis of candidate regions for insulin resistance in type 2 diabetes (5). Consistent with these human studies, IRS1 Ϫ/Ϫ mice are mildly insulin resistant and hyperinsulinemic but do not develop diabetes (6) .
The Pima Indians of Arizona have an extremely high prevalence of type 2 diabetes (7), and prospective studies have indicated that insulin resistance and insulin secretory dysfunction are major predictors of type 2 diabetes (8, 9) . To investigate genetic factors involved in the control of type 2 diabetes, gene expression profile studies in lean and obese, as well as insulin-sensitive and -resistant subjects, have been carried out. Quantitative PCR measurements of mRNA obtained from skeletal muscle biopsies of insulinsensitive and -resistant nondiabetic Pima Indians identified IRS1 as being differentially expressed; IRS1 mRNA levels were twofold lower in skeletal muscle from insulinresistant subjects (0.403 Ϯ 0.0831 vs. 0.8201 Ϯ 0.1981 normalized to cyclophilin; P ϭ 0.04 by t test). Similarly, microarray analysis in adipocytes from obese and lean nondiabetic Pima Indians showed that IRS1 expression was ϳ1.8-fold lower in adipocytes from obese subjects (relative expression 2,868 Ϯ 164 vs. 5,121 Ϯ 485; P ϭ 0.0001 by t test). To determine whether genetic variation in IRS1 itself caused the lower level of its expression in muscle from insulin-resistant and adipocytes from obese Pima Indians, the coding region and 8 kb of the putative promoter of the IRS1 gene were sequenced in DNA from 24 nonrelated full-heritage Pima Indians. Each common, genotypically unique variant was further analyzed in a large cohort of Pima Indians (n ϭ 937; 610 diabetic subjects, 327 nondiabetic subjects; 365 sibships) and tested for associations with type 2 diabetes and its metabolic predictors.
In contrast to studies in Caucasian populations, screen-ing of IRS1 in Pima Indians identified no sequence variants that would predict an amino acid substitution. However, eight single nucleotide polymorphisms (SNPs) were identified in the putative promoter region, three SNPs and an insertion/deletion variant were identified in the 5Ј untranslated region, and one silent substitution was found at codon 804 (GCG/GCA; both predicting Ala) (Fig. 1) . The more common variants (minor allele frequency Ͼ10% in 24 Pima Indians) ( Fig. 1) were genotyped in 90 additional subjects to assess the extent of linkage disequilibrium (LD). Based on genotypic concordance, many of these SNPs were in complete LD: the Ϫ7329C/G variant was in 100% LD with the Ϫ7120G/A, Ϫ6087T/C, Ϫ5601G/A, and Ϫ5486C/T variants. Similarly, the Ϫ2223C/T variant was in 100% LD with the Ϫ632 insertion/deletion. The Ϫ446G/A variant and the silent substitution at codon 804 were unique. We selected a single representative SNP from each of the four common LD groups for a subsequent association analysis. For this analysis, DNA from 937 full-heritage Pima Indians was genotyped for the Ϫ7120G/A, Ϫ2223C/T, Ϫ446G/A, and the Ala804 SNP, as representative SNPs for the LD groups I, II, III, and IV, respectively (Fig. 1) . The Ϫ7120G/A, Ϫ446G/A, and Ala 804 SNP, but not the Ϫ2223C/T SNP, were modestly associated with type 2 diabetes (P Ͻ 0.05) ( Table 1) in the large cohort of Pima Indians. For the SNPs at Ϫ7120 and Ϫ446, the minor allele was associated with increased prevalence of diabetes, whereas for the Ala804, the major allele was associated with increased prevalence of diabetes. Among the four SNPs, seven common haplotypes were identified and analyzed for diabetes associations ( Table 2 ). Only one haplotype (IV) showed a significant difference in frequency between diabetic and nondiabetic subjects. As might be predicted from the single SNP analysis, this haplotype consisted of the minor alleles for SNPs Ϫ7120 and Ϫ446 (A and A, respectively) and the major allele for Ala804 (G). The four SNPs were further analyzed for metabolic predictors of type 2 diabetes in 235 normal glucose tolerant subjects from this group who had undergone a hyperinsulinemic-euglycemic clamp study to assess insulin resistance. Only the Ala804 variant was associated with 2-h plasma glucose and insulin concentrations during the oral glucose tolerance test (OGTT) and insulin action at physiologic and maximally stimulating insulin concentrations (all P Ͻ 0.05) ( Table 3 ). The Ala804 variant was also modestly associated with fasting plasma insulin concentrations during the OGTT (P ϭ 0.06) ( Table 3) .
Bjornholm et al. (10) reported that muscle IRS1 protein expression was not reduced in type 2 diabetes; however, our expression data in skeletal muscle are supported by other studies reporting decreased levels of IRS1 protein in muscle from obese humans (11) and animal models manifesting insulin resistance (12) (13) (14) . It is also consistent with previous studies of Carvalho et al. (15) , who proposed that individuals with type 2 diabetes and individuals at risk for developing diabetes could be identified via reduced IRS1 mRNA and protein in their fat cells. The same authors (15) also report that low IRS1 expression in fat cells is related to insulin resistance but is not secondary to hyperglycemia, obesity, or hyperinsulinemia.
Since insulin resistance and obesity are significant risk factors for type 2 diabetes, our data suggest that impaired between Ala804 and ؊446G/A. Allele frequencies for variants representative of LD groups were calculated from genotypes in 937 subjects; otherwise, 24 DNA samples were considered for estimating allele frequencies. D is expressed as a proportion of the maximum possible given the allele frequencies and the direction of association. D was calculated so that a positive value represents association among the more common alleles at each SNP, whereas a negative value represents association among the more common allele at one SNP and the less common allele at the other.
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transcription of IRS1 might be involved in metabolic pathways ultimately leading to type 2 diabetes in the Pima population. In support of this, a variant within the IRS1 gene was associated with in vivo insulin action and 2-h glucose and insulin levels as well as type 2 diabetes. However, it was not expected that the variant demonstrating the most consistent associations with insulin resistance and type 2 diabetes would be the silent Ala804 coding substitution. We believe that this silent substitution is unlikely to be the "causative" variant, but instead it is in relatively high LD with an unidentified causative variant in a distal regulatory site beyond the region that was sequenced. For example, mutations in a distal regulatory site located 45.6 kb from the previously characterized hepatocyte nuclear factor 4␣ (Hnf4␣) promoter were recently shown to cosegregate with diabetes (16, 17) . This finding suggests that direct sequencing of all potential regulatory elements of a gene may, in some instances, be an enormous undertaking. In addition, LD can extend over large regions. Based on our preliminary analyses of pairwise LD between SNPs in Pima Indians, 5% of SNPs 1-2 Mb apart
have DЈ values Ͼ0.80, whereas 3% have DЈ values Ͼ0.90. This makes it very difficult to rule out a more distal polymorphism as an explanation of an observed association. Consistent with our theory that the Ala804 genotype is not the actual causative variant, in 37 subjects the Ala804 genotype was not associated with IRS1 mRNA levels measured in adipocytes or in skeletal muscle (data not shown), again suggesting that the Ala804 variant does not directly affect transcript levels. Moreover, our haplotype analysis showed that although the "G" allele at Ala804 is associated with higher prevalence of diabetes and diabetes-related traits in single SNP analyses, this is the only case when it is carried on the IV haplotype. This again leads us to speculate that Ala804 is not a causative variant, but instead is in high LD with a more distal functional variant(s). However, identification of distal variants and their functional analysis are necessary to prove this concept. In conclusion, we propose that genetically determined variation that decreases IRS1 expression levels may increase susceptibility to type 2 diabetes in the Pima Indian population. Data are n (%). The odds ratio is given for a one-allele difference in the number of common alleles, adjusted for age and sex, and calculated by binomial generalized estimating equations that account for family membership; the P value is that for the null hypothesis of no difference in allele frequency between diabetic and nondiabetic individuals calculated by the Cochran-Armitage test for a linear trend in proportions. A modification of the zero-recombinant haplotyping method was used to assess association between traits of interest and haplotypes of the four IRS1 SNPs (23, 24) . Haplotypes are defined by the composition of alleles at each SNP in following order: Ϫ7120G/A_Ϫ2223C/T_Ϫ446G/ A_Ala804. Odds ratios are calculated adjusted for age and sex for a difference of one in the number of the relevant haplotype using a binomial generalized estimating equation model that accounts for family membership; P values are adjusted for the multiple comparisons involved in analysis of 7 different haplotypes using the Bonferroni correction [corrected P value ϭ 1 Ϫ (1 Ϫ P) 6 ].
RESEARCH DESIGN AND METHODS

Subjects.
The 937 subjects are participants of our ongoing longitudinal study of the etiology of type 2 diabetes among the Gila River Indian Community in Arizona (18) . To determine diabetes status, a 75-g OGTT is given and the results are interpreted according to World Health Organization criteria (19) . For detailed metabolic testing, nondiabetic individuals are admitted to our clinical research ward for 7-10 days, and only people found to be healthy by medical history, physical examination, and routine laboratory tests, and who were not taking medications, were studied. Oral glucose tolerance measurements and acute insulin response calculations are described in detail elsewhere (20) . Insulin-stimulated glucose disposal (uptake) rates and basal glucose output are determined using the hyperinsulinemic-euglycemic clamp technique (21) . Body composition was estimated by underwater weighing until January 1996 and thereafter by dual-energy X-ray absorptiometry (DPX-1; Lunar Radiation, Madison, WI). A conversion equation derived from comparative analyses was used to make estimates of body composition equivalent between methods (22) . All studies were approved by the tribal council and the Institutional Review Board of the National Institutes of Diabetes and Digestive and Kidney Diseases. Sequencing of the IRS1 and genotyping of SNPs. The exon, intron/exon boundaries, 5Ј and 3Ј untranslated regions, and 8 kb of the putative promoter region were sequenced in DNA samples from 24 (13 diabetic and 11 nondiabetic subjects) non-first-degree-related Pima Indians. Sequencing was performed using Big Dye Terminator (Applied Biosystems, Foster City, CA) on an automated DNA capillary sequencer (3700; Applied Biosystems). Sequence information for oligonucleotide primers is available upon request. Genotyping of selected SNPs in 937 DNA samples was done using the TaqMan assay (Applied Biosystems). The TaqMan genotyping reaction was amplified on a GeneAmp PCR system 9700 (95°C for 10 min, 95°C for 15 s, and 62°C for 1 min, for 38 cycles) and fluorescence was detected on an ABI PRISM 7700 sequence detector (Applied Biosystems). Muscle biopsy and RNA extraction. Percutaneous skeletal muscle biopsies of the vastus lateralis muscle were performed in 12 nondiabetic, insulin-resistant and 13 insulin-sensitive Pima Indians (matched for age, sex, and percent body fat) in the morning after a 12-h overnight fast using Bergstrom needles (Depuy, Raynham, MA) under local anesthesia with 1% lidocaine. The biopsy was cleaned of any visible fat, rinsed in sterile 0.9% NaCl solution, frozen in liquid nitrogen, and stored at Ϫ70°C. Total RNA was isolated from the frozen muscle tissues homogenized in Trizol Reagent (Life Technologies, Gaithersburg, MD), and mRNA was subsequently isolated using oligo-dT latex beads (Qiagen, Santa Clarita, CA). Adipocyte isolation. Adipose tissue was digested in Hank's balanced buffer solution containing 5.5 mmol/l glucose, 5% fatty acid-free BSA (Introgen, Houston, TX), and 3.3 mg/ml type I collagenase (Worthington Biochemical, Lakewood, NJ) for 30 min in a 37°C water bath. The digestion mixture was passed through a sterile 230-mm stainless steel tissue sieve (Thermo EC, Holbrook, NY), and the adipocytes were allowed to float by gravity. The   TABLE 3 Association of IRS1 variants with diabetes-related traits in Pima Indians with normal glucose tolerance Data are given as means Ϯ SE. P values were calculated after adjusting for age, sex, and nuclear family membership for the variable percent body fat; and age, sex, percent body fat, and nuclear family membership for the variables 2-h plasma glucose, 2-h plasma insulin, and log 10 glucose disposal for the low-and high-dose insulin clamps. EMBS, estimated metabolic body size; due to the low frequency of the rare alleles for Ϫ7120G/A, Ϫ2223C/T and Ϫ446G/A variants, for statistical analysis the homozygotes for each rare allele were combined with the heterozygotes; therefore, only a dominant effect on risk has been tested for the rare alleles.
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supernatant containing adipocytes was collected, and total RNA was extracted using RNeasy Mini Kit from Qiagen (Valencia, CA). Microarray analysis. GeneChip arrays (HG-U95 set; Affymetrix, Santa Clara, CA) containing ϳ12,000 genes and ϳ50,000 expressed sequence tags were used for global differential gene expression profiling in adipocytes isolated from lean (n ϭ 20) and obese (n ϭ 19) nondiabetic Pima Indians matched for age and sex. Quantitative RT-PCR. Verification of transcript quantity of IRS1 was performed using TaqMan Real Time PCR on cDNA synthesized from total RNA. The primer pairs and probe are available upon request. The quantification was performed using the standard protocol of ABI PRISM 7700 (Applied Biosystems). Each sample was run in duplicate, and the mean value of the duplicate was used to calculate transcript level. The transcript quantity in each cDNA sample was normalized to that of cyclophilin using the TaqMan Pre-Developed Assay Reagent for human endogenous control subjects (Applied Biosystems). Statistical analyses. Statistical analyses were performed using the analysis system of the SAS Institute (Cary, NC). For continuous variables, the general estimating equation procedure was used to adjust for the covariates, including family membership, because some subjects were siblings. Plasma insulin concentrations and rates of glucose disappearance during the low-dose insulin infusion were log transformed before analyses to approximate a normal distribution.
